Introduction
Group III-nitride-based material had been widely employed in the optoelectronic devices in recent years. [1] However, the wurtzite nitrite material has strong piezoelectric and spontaneous polarizations along the c axis, which results in obvious quantum-confined Stark effect. [2] The nonpolar nitrides, which have the crystal structure with c axis lying parallel to the quantum well, hence attract great interest for their absence of polarization field in the past few years. [3] However, a-plane GaN contains very high density threading dislocations and quite rough surface. Therefore, many groups provide different methodology to overcome this. Several groups demonstrated direct lateral epitaxial growth onto a stripe-like patterned sapphire substrates(PSSs) [4] . Using epitaxial lateral overgrowth (ELOG) [5] and other modified ELOG techniques such as Pendo-epitaxy(PE) [6] and sidewall ELOG [7] to reduce threading dislocation density and improve a-GaN film quality. Although ELOG method could improve surface morphology and reduce dislocation densities, this approach was too complicated and consumed process time. Very few researches has been reported on the direct growth of a-plane GaN on an r-plane sapphire substrate. [8] In this work, we developed the two-step growth method and studied the key growth parameters for the smooth and pit-free surface of a-plane GaN layer by metal organic chemical vapor deposition (MOCVD) without any buffer layer.
Experiment procedure
In our experiments, all a-plane GaN films were grown on r-plane sapphire (within ±1°) using MOCVD reactor. The process sequence is shown in Fig. 1 and the details of growth parameter were mentioned later. Trimethylgallium (TMGa)and ammonia(NH3)were the precursors used as GaN in whole epitaxial process. In this experiment, we used scanning electron microscopy (SEM) and atomic force microscopy (AFM) to observe the surface morphology.
Result and discussion
In order to get high quality GaN for producing device well, one methodology for reducing threading dislocation density of GaN is forcing the nucleation layer into a three-dimensional (3D) growth mode and overlaying with further two-dimensional (2D) growth. That means the nucleation layer (1 ST stage) should be very rough and formed larger nucleate island. Therefore, we studied the surface morphology of the nucleation layer by changing its growth temperature. The V/III ratio and deposited time were both fixed, while the growth temperature varied from 540°C to 1150°C. Fig. 2(a) and (b) show plane-view SEM images of nucleation layers at temperatures of 540°C and 1150°C, respectively. We found that the shape of islands in the nucleation layer at 1150°C is larger than that at 540°C. That also means that high nucleation temperature leads to 3D-2D growth mode more easily by fully coalesced high crystalline-quality a-GaN nucleation layer. In this section, the best V/III ratio to grow the nucleation layer (1 ST stage) is investigated. The growth temperature and time are 1150°C and 30 minutes, respectively, for the overlaying GaN layer. Fig. 3 (a), (b) , (c) and (d) show plane-view SEM images of GaN layer grown under V/III ratio of 330, 550, 770 and 880, respectively. All pictures were taken after overlaying GaN layer. Fig. 3(a) had some inverse-pyramidal pits and rough surface until increasing V/III ratio to 550, as shown in Fig. 3(a) and (b).It was found that higher V/III ratio of 1 ST stage was coalesced larger nucleation cluster more easily and enhanced the lateral growth mode when changing to overlaying GaN step.(2 ND stage) Although the surface morphology were smooth by increasing V/III ratio, we still used AFM to judge the best V/III ratio from 550 to 880 and the root mean square value of roughness (3×3 µm 2 ) were 13.61nm, 2.94nm and 3.58nm,respectively. Based on the result, we determined the optimized V/III ratio of 1 ST stage is 770. Likewise, we also investigated the optimized V/III ratio for growing the overlaying GaN layer. (2 ND stage) The growth condition of the nucleation layer is fixed according to the best results in the above discussion. Fig. 4 shows plane-view SEM images of overlaying GaN layer grown under V/III ratio of 30, 50, 60 and 80, respectively. Fig. 4(a) shows some stripe feature along c-direction ([0001]) at the V/III ratio of 30.It was also found that Fig. 4(d) has some inverse-pyramidal pits at the V/III ratio of 80 and the pits were composed of two {1 011 }and one { 0 0 01 } facets, which was similar with X. Ni et al.'s study. [9] The overlaying GaN layer became smooth and the rms roughnesses measured by AFM were 2.88nm and 2.02nm for samples grown at V/III ratio of 50 and 60, respectively. For these images, a-plane GaN showed stripe features along the c-direction and surface ripples along the m-direction ([1100 ]) which is perpendicular to c-direction.
The result indicates that the growth rate along m-direction is faster than that along c-direction at high V/III ratio. In contrast, the growth rate is decreased at very low V/III ratio. Based on these conditions and their relative SEM images, we also observed that the growth rate along c-and m-direction is influenced by changing different V/III ratio. [10] So, we recommended the best V/III ratio is 60 due to the proper difference of growth rate between c-and m-direction. 
Conclusions
The direct-growth conditions of a-GaN on r-sapphire by MOCVD, including the growth temperature and V/III ratio, have been optimized in two-step process. First, we found higher temperature and higher V/III ratio lead to form the 3D nucleation layer at 1 ST stage. After lowering V/III ratio at 2 ND stage, a smooth and void free layer is formed by enhancing to lateral growth mode. According the optimal growth condition, the rms roughness determined by AFM of a-GaN is 2.02nm. 
